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Abstract: The preparation method of poly(vinyl alcohol) (PVA) gels by a simple cast-drying technique using salt solutions was 
reported in the present investigation. The effects of the salt concentration on the macro- and microscopic properties were examined in 
detail, and the relationships between macroscopic properties, such as swelling ratio, mechanical strength, and the network 
microstructure were presented. It was found that the swelling ratio of PVA cast gel increased largely by adding a small amount of salt, 
and decreased rapidly, hereafter it increased with increasing the salt concentration above 2% (mass fraction). The changes in the 
breaking stress and strain corresponded to the changes in the swelling ratio. The macroscopic properties were found to be correlated 
with the microcrystallites and hydrogen bonds, which were characterized by the measurements using X-ray diffraction (XRD) and 
Fourier transform infrared spectroscopy (FT-IR). 
Key words: poly(vinyl alcohol); phase separation; microcrystallite; hydrogen bond  
                                                                                                             
 
 
1 Introduction 
 
Recently, a simple method to obtain a physically 
crosslinked poly(vinyl alcohol) (PVA) gel (called “PVA 
cast gel”) was successfully developed [1]. The materials 
used in this investigation were water and PVA powders 
(no special chemicals were used), and the gelation 
proceeded during the drying process after casting the 
PVA solution into a mold. The formation of 
microcrystallites was identified during the drying process 
(gelation process) using an X-ray diffraction (XRD) 
technique, Fourier transform infrared (FT-IR) 
spectroscopy, and measurements of the swelling ratio 
under repeated water exchanges [2]. The dried sample 
could swell and was insoluble in water even after 
sufficient water exchange, which indicated that PVA cast 
gel was a physically crosslinked polymer network, in 
other words, a swollen hydrogel, cross-linked by 
microcrystallites. 
In this paper PVA cast gels were prepared using the 
aqueous salt solutions with different concentrations. The 
swelling ratio (water content) and the mechanical 
properties of PVA cast gels were measured. Although 
PVA films or thin plates have been previously prepared 
using a solvent casting method by the addition of NaCl 
(a poor solvent for PVA) to the pregel solution [3], there 
has been no report on the swelling property of the film in 
water. The effects of addition of NaCl into the PVA 
pregel solution on the equilibrium swelling ratio, the 
breaking stress and strain were investigated by a uniaxial 
loading test. In order to infer the origins of the swelling 
ratio and the mechanical properties at the molecular scale, 
the effects of the formation of microcrystallites on the 
salt concentration were examined in detail using the 
measurements of XRD and FT-IR techniques. The 
microscopic analyses were compared with the 
macroscopic observations, and the optimum conditions 
to control the swelling and mechanical properties of PVA 
cast gel were discussed. 
 
2 Experimental 
 
2.1 Sample preparation 
PVA powder was kindly supplied by Kuraray Co., 
Ltd. (Cat. No. PVA117), and was used without further 
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purification. The average degree of polymerization was  
1 700, and the average degree of hydrolysis was between 
98% and 99% (mole fraction). PVA pre-gel solution was 
obtained by dissolving the PVA powder and NaCl 
(Wako) into deionized and distilled water at 90 ˚C for 
more than 2 h. The salt concentration was adjusted in the 
range between 0 and 8% (mass fraction) with keeping the 
PVA concentration of 15.0% (mass fraction). The PVA 
pregel solution (15.0 g) was poured into a plastic dish of 
polyethylene with an inner diameter of 85 mm and left in 
air at room temperature (25 °C). The solution became 
very viscous within several days and solidified (thin 
disk) within a week or more. The sample was prepared 
by a single process of drying the PVA aqueous solution 
at room temperature. This single gelation method was 
named as “cast-drying method”. 
 
2.2 Measurement of swelling ratio 
As-prepared sample (PVA cast gel film) was cut in a 
rectangle shape of about 5 mm×8 mm, put into 100 mL 
of pure water at room temperature and kept for 24 h to 
reach the equilibrium state. After the weight of the 
swollen sample, Wt, was measured in air, the sample was 
dried in air at room temperature for 72 h, and hereafter 
the dehydrated weight, Wd, was measured. The swelling 
ratio, which is defined here as Wt/Wd, was calculated. 
 
2.3 Measurement of stress—strain curve 
For each swollen gel, the stress—strain (σ—ε) curve 
was obtained by a uniaxial loading test, and the breaking 
stress, σr, and strain, εr, were determined. In this test, the 
gel was shaped using a dumbbell cutter in accordance 
with JIS K−6251−8. The ends of the dumbbell-shaped 
gel were clamped in rigid, acrylic grips. The gel was 
stretched in pure water at room temperature with a 
constant rate of elongational stretch between grips. The 
forces generated during deformation were measured 
using a double leaf spring with four strain gauges. Using 
a food dye two markers were applied to the gel by hand 
in the gauge section. Images of the gel and markers were 
obtained during the tests using a video camera, which 
were captured and saved in a computer. The distance 
between the markers was obtained by analyzing the 
images after the test. The typical stretch rate in the gauge 
section was 3.4×10–2 s–1. From the measured values of 
force and elongation, the nominal σ and ε were 
calculated. 
 
2.4 WAXS and ATR FT-IR measurements 
To determine the network microstructures, WAXS 
measurements were performed at room temperature 
using a wide-angle X-ray scattering equipment (40 kV, 
200 mA, RINT−2000, Rigaku). To study the change in 
molecular structures, on the other hand, the 
measurements of FT-IR with an attenuated total 
reflection (ATR) method were carried out at room 
temperature. The ATR FT-IR spectra were recorded on an 
FT-IR spectrophotometer (Jasco FTIR610) equipped 
with an ATR attachment with a horizontal ZnSe crystal 
(Jasco PRO400S). The resolution of the spectra was 4 
cm–1, and the scans were repeated 100 times. The IR 
absorbance spectra were normalized based on CH2 
bending vibration that appears at 1 500−1 400 cm–1. The 
components of absorption band were deduced from the 
second-derivative of spectra and resolved applying the 
curve-fitting method. All spectra were found to involve 
CH2 bending vibration consisting of four peaks, 
including the peak at 1 427 cm–1 [4]. The total 
absorbance area of four peaks was assumed equivalent 
under the present experimental conditions, and the 
spectra were normalized by the total area. 
 
3 Results and discussion 
 
3.1 Swelling and mechanical properties of PVA cast 
gels 
Figure 1 shows the equilibrium swelling ratio, 
Wt/Wd, of PVA cast gel as a function of the salt 
concentration. The Wt/Wd of PVA cast gel increased 
largely by adding a small amount of salt, and decreased 
rapidly below 2% (mass fraction), hereafter it increased 
evidently with increasing the salt concentration above 
2% (mass fraction). 
 
 
Fig. 1 Equilibrium swelling ratio, Wt/Wd, of PVA cast gel 
prepared in salt solution with different concentrations from 0 to 
8% (mass fraction) 
 
Figure 2(a) shows examples of the nominal σ—ε 
curve of each swollen gel. From the curves, the σr and 
the slope in the low ε-range, which corresponds to elastic 
modulus, E, are plotted in Fig. 2(b), and εr is plotted in 
Fig. 2(c). It can be seen that both σr and E did not 
apparently change below 2% (mass fraction) and exhibit 
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a step like increase, followed by the decrement above 4% 
(mass fraction). On the other hand, εr increased largely 
by adding a small amount of salt, and seemed to keep 
constant. 
 
 
 
Fig. 2 Stress—strain (σ—ε) curves (a), breaking stress, σr and 
elastic modulus, E (b), and breaking strain, εr (c), of PVA cast 
gels  
 
Figure 3 shows the relationship between σr or εr and 
Wt/Wd of swollen gels, which was obtained by re-plotting 
the data in Figs. 1 and 2. We found that σr did not 
strongly change by adding a small amount of salt below 
2% (mass fraction), while εr apparently increased. With 
increasing the salt concentration, σr increased slightly 
and decreased rapidly above 2% (mass fraction), while εr 
did not change apparently and seemed to keep constant. 
These results may be attributed to the changes in the 
network microstructures, which was determined in the 
gelation process. It has been well recognized that the 
decrement of Wt/Wd resulted in the increment of the 
mechanical strength [2]. Although there is a hysteresis in 
σr with increasing the salt concentration, the change in σr 
is correlated with the change in Wt/Wd. 
 
 
Fig. 3 Relation between σr or εr and Wt/Wd of PVA cast gel, 
plotted using data in Figs. 1 and 2 
 
3.2 Network microstructure of PVA cast gel 
Figure 4(a) shows WAXS profiles of as-prepared 
PVA cast gel prepared in salt solution with different 
NaCl concentrations from 0 to 8% (mass fraction). The 
average crystallite size, D, was roughly estimated using 
Scherrer’s equation [5]: D = kλ/(ß cos θ), where k=1 (the 
shape of the crystal is assumed to be a sphere); ß is the 
width at half maximum intensity of the reflection; θ is 
the Bragg’s angle; and λ=1.54 Å is the wavelength of the 
X-ray radiation. As a result, the D value successively 
decreased with increasing the salt concentration     
(Fig. 4(b)). 
Figure 5(a) shows ATR FT-IR spectra of the dried 
gels against the salt concentration. The large peak at 
around 3 300 cm–1 was due to the O—H stretching of the 
non-hydrogen bonded and hydrogen bonded O — H 
groups [6]. Its peak height and area decreased rapidly 
with increasing the salt concentration above 2%. On the 
other hand, the peak of C—O stretching at 1 143 cm–1 
due to the formation of microcrystallites [7] slightly 
changed with increasing the salt concentration. Figure 
5(b) shows the peak area at 1 143 cm–1, which was 
obtained by deconvoluting the spectra to remove the 
effects of the other peaks. The peak area at 1 143 cm–1 
increased with increasing the salt concentration below 
1.5% (mass fraction) and became almost constant above 
2% (mass fraction) in spite of large scattering. 
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Fig. 4 WAXS profiles of PVA cast films prepared in salt 
solution with different NaCl concentrations from 0 to 8% (mass 
fraction) (a), and evaluated crystallite size, D, using Scherrer’s 
equation (b) 
 
3.3 Relation between macroscopic properties and 
microscopic network structures 
The microstructures of polymer network 
characterized by the microcrystallites have important 
roles in determining the macroscopic swelling and 
mechanical properties. From the present results of 
WAXS profiles and ATR FT-IR spectra, we found that 
the increment of the salt concentration reduced the 
microcrystallite size and increased the ratio of 
microcrystallites to amorphous networks. These 
evidences indicate that the number of crosslinks due to 
the microcrystallites increased and the rigidity of the 
crosslinks decreased with increasing the salt 
concentration. 
On the basis of these observations, we can explain 
the macroscopic properties obtained in the present 
experiments. It is interesting to observe that the swelling 
ratio largely increased by a small amount of salt additive. 
This abrupt increase is understandable since the salt 
concentration increased during the drying process. As for 
the effects of the salt concentration on the swelling ratio, 
the increment of the number of crosslinks should  
 
 
Fig. 5 ATR FT-IR spectra (a), and normalized peak area at    
1 143 cm–1 (b) of PVA cast gels in dried state 
 
suppress the swelling ability, while the decrement of the 
microcrystallite size should enhance the swelling force 
by the destruction of microcrystallites due to the swelling 
force. These two competitive factors resulted in the 
non-monotonic dependence of the swelling ratio on the 
salt concentration, and the two factors showed a 
crossover at 2% (mass fraction). By the same reason, the 
changes in σr and E at 2% (mass fraction) could be 
explained, while it seems that εr does not depend on the 
salt concentration. Although we do not have a decisive 
picture to explain the result, it could be related to the 
cooperative change of the number and size of the 
microcrystallites. It should be notified that the salt 
precipitated apparently when the concentration exceeded 
about 2% (mass fraction). The precipitated crystals 
should have important roles in determining the 
distribution of microcrystallites in the gelation process. 
In the case of larger salt concentrations, the precipitation 
started before the microcrystallites formed completely, 
which resulted in the inhomogeneous network. In order 
to confirm these considerations, microscopic studies of 
polymer gel networks are important subjects for future 
investigations. 
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4 Conclusions 
 
The salt effects on the equilibrium swelling ratio 
and the mechanical properties of PVA cast gel prepared 
by a cast-drying method have been studied.  From the 
measurements of XRD and FT-IR techniques, it has been 
found that the properties of microcrystallites due to 
hydrogen bonds between — OH groups of PVA 
depended strongly on the salt concentration. These 
microscopic analyses were consistent with the 
macroscopic observations that the swelling ratio 
increased by adding a small amount of salt, and 
decreased rapidly with increasing the salt concentration 
below 2% (mass fraction), hereafter it increased. The 
breaking stress increased at first and then decreased, 
while the breaking strain increased at first and became 
constant thereafter. 
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